Analysis of 16 marine Permian-Triassic boundary sections with a near-global distribution demonstrates systematic changes in sediment fl uxes and lithologies in the aftermath of the end-Permian crisis. Sections from continent-margin and platform settings exhibit higher bulk accumulation rates (BARs) and more clay-rich compositions in the Griesbachian (earliest Triassic) relative to the Changhsingian (latest Permian). These patterns, which largely transcend regional variations in tectonic setting, sequence stratigraphic factors, and facies, are hypothesized to have resulted from a substantial (average ~7×) increase in the fl ux of eroded material from adjacent land areas owing to accelerated rates of chemical and physical weathering as a function of higher surface temperatures, increased acidity of precipitation, and changes in landscape stability tied to destruction of terrestrial ecosystems. This sediment surge may have been a contributory factor to the latest Permian marine biotic crisis as well as to the delayed recovery of Early Triassic marine ecosystems owing to the harmful effects of siltation and eutrophication. Contemporaneous deep-sea sections show no increases in sediment fl ux across the Permian-Triassic boundary owing to their remoteness from continental siliciclastic sources and location below the paleo-carbonate compensation depth.
INTRODUCTION
The ~252-m.y.-old latest Permian mass extinction event represents the largest biotic crisis in the Phanerozoic record, during which ~90% of marine invertebrate species died out (Erwin et al., 2002) . Terrestrial ecosystems were also devastated, resulting in major extinctions among tetrapods (Retallack, 1995) and a shift from gymnosperm-dominated fl oras to rapidly growing, early successional communities dominated by lycopsids and ferns (Looy et al., 2001) . Widespread loss of vegetative cover is thought to have led to massive soil erosion, as shown by a shift from fi ne-grained meandering to conglomeratic braided fl uvial facies (Newell et al., 1999; Ward et al., 2000) , by redeposition of soil clasts (Retallack, 2005) , and by increased sedimentation rates in terrestrial successions (Retallack, 1999) . Although the signature of this erosional event has been recognized in marine successions in the form of soil-derived biomarkers (Sephton et al., 2005; Xie et al., 2007) , the scale and consequences of a massive transfer of mineral and organic matter from the terrestrial to the marine realm have not been fully recognized or explored to date. For example, average linear sedimentation rates (LSRs) at Meishan in eastern China increased from 10-18 m m.y.
-1 in the Lopingian (Upper Permian) to 105-488 m m.y.
-1 in the Induan-Olenekian (Lower Triassic; Fig. 1 ). LSRs increased by a smaller, yet still substantial amount (from 6-11 m m.y.
-1 to 31-89 m m.y.
-1 ) at Chaohu, ~180 km downramp from Meishan ( Fig. 1) , showing that sediment delivery was focused on shallow-marine shelves adjacent to landmasses, consistent with derivation through subaerial weathering. Such large increases in sediment fl ux must have profoundly affected marine ecosystems through higher nutrient availability, increased turbidity, and smothering of benthic organisms. In this contribution, we examine evidence for a surge in sediment delivery to Early Triassic marine depositional systems and its possible effects on contemporaneous marine biotas.
METHODS
This study focuses on changes in LSRs from the Changhsingian (latest Permian) to the Griesbachian (earliest Triassic, but including post-crisis strata of latest Changhsingian age). LSRs (units of m m.y. time-stratigraphic unit divided by the duration of that unit ( ). Bulk accumulation rates (BARs) were calculated as LSR multiplied by bulk sediment density, and fl uxes of sediment components (i.e., CaCO 3 , quartz, and clays) were calculated as BAR multiplied by percent abundance of each sediment fraction (units of g cm -3
; Table DR2 ). The lithologic composition of each study section was calculated from elemental data (Table DR3 ; see the Methods section of the Data Repository for details). Age constraints for rate calculations were provided by recent chemical abrasion-thermal ionization mass spectrometry (CA-TIMS) studies of U-Pb in zircons (Mundil et al., 2004; Ovtcharova et al., 2006; Galfetti et al., 2007; Lehrmann et al., 2006) , from which the ages of the Wuchiapingian-Changhsingian, Changhsingian-Induan (or PermianTriassic), and Induan-Olenekian stage boundaries were estimated at 256.0 ± 1.0 Ma, 252.6 ± 0.2 Ma, and 251.3 ± 0.2 Ma, respectively. These dates yield durations for the Changhsingian and Induan stages of 3.4 ± 1.2 m.y. and 1.3 ± 0.4 m.y., respectively, with the duration of the Griesbachian substage of the Induan stage estimated at 0.7 ± 0.4 m.y. (See the Methods section of the Data Repository for additional information.)
RESULTS
The 16 study sections allow assessment of global patterns of sedimentation across the Permian-Triassic boundary owing to their wide geographic distribution: 1-7 from the Neotethys, 8-9 from the Paleotethys, 10-14 from the northern and western margins of Pangea, and 15-16 from Panthalassa (see Tables DR1-DR3 for (8) show a shift toward a more clay-rich composition in the Griesbachian, with increases of +5%-10% in carbonate-dominated sections and increases of +10%-35% in mixed and siliciclastic-dominated sections ( Fig. 3 ; Table DR3 ).
DISCUSSION

Dating Uncertainties
Uncertainties in the estimated durations of the Changhsingian (3.4 ± 1.2 m.y.) and Griesbachian (0.7 ± 0.4 m.y.) can account at most for only a fraction of the anomalous increases in sedimentation rates across the Permian-Triassic boundary. Adopting a minimum duration of 2.2 m.y. for the Changhsingian and a maximum duration of 1.1 m.y. for the Griesbachian, rate differences are reduced by a factor of only 2.5× [i.e., (3.4/0.7)/ (2.2/1.1)], which still yields rates that are at least ~3× higher (i.e., 7×/2.5×) on average for the Griesbachian relative to the Changhsingian. Further, a 1.1 m.y. duration for the Griesbachian appears unlikely in view of Mundil et al.'s (2010) estimate of 1.0 m.y. for the entire Induan Stage. Thus, unless there are major, unrecognized errors associated with recent radiometric dating studies of the Permian-Triassic, sedimentary fl uxes were much higher in the Griesbachian than in the Changhsingian.
Sequence Stratigraphic and Tectonic Controls on Sedimentation
Eustatic elevations rose during the earliest Triassic in response to climatic warming (Hallam and Wignall, 1999) , although the magnitude of this rise was probably small (≤20 m) owing to the limited mass of continental ice at that time. A eustatic rise would have created accommodation space and might account for a general shift toward higher clay concentrations (Fig. 3) if (1) coarser siliciclastics were trapped in receding paralic facies, and (2) drowning reduced rates of shallow-marine carbonate production. However, both of these effects should have been accompanied by a reduction in BARs, rather than an increase, as actually observed (Fig. 2) . The observation that BARs increased in conjunction with a shift toward more clay-rich compositions in both siliciclastic and carbonate facies during the Early Triassic indicates that a eustatic rise alone is insuffi cient to account for changes in sedimentary rates and patterns across the PermianTriassic boundary.
Assuming only a modest eustatic rise during the Early Triassic, sedimentation rates of >100 m m.y.
-1 (Fig. 1) would appear to create an accommodation space problem. However, isostatic crustal adjustments in response to (un)loading associated with continental glaciation (Peltier, 1987) and erosion (Opdyke et al., 1984) are rapid (10 3 -10 5 yr) relative to the duration of the study interval (>10 6 yr). Further, cratonic uplift and subsidence are generally balanced around a fulcrum (or "tectonic hinge") that is commonly stable at time scales of a few million years (Allen and Allen, 2005), so enhanced rates of sediment erosion and transport during the Early Triassic would have simply accelerated motion around such fulcra. Tectonic factors had a local infl uence on study-section BARs and lithologies. Rifting along the northern Gondwanan margin produced isolated crustal blocks in the Paleotethys during the Permian-Triassic, limiting detrital infl ux to sections 8 and 9 (see references in Algeo et al., 2007) , and Panthalassic deep-sea sections (15-16) show lower BARs during the Early Triassic owing to a reduction in biogenic silica fl ux without an increase in detrital fl ux because of their distance from continental siliciclastic sources (Algeo et al., 2010) .
Increased sediment fl uxes during the Early Triassic cannot have been due solely to soil erosion. Stripping of a 1-m-thick soil layer from continents (modern area = 148.6 × 10 6 km 2 ) yields an average thickness of only 5.5 m of sediment on continental shelves (26.8 × 10 6 km 2 ). Because the Lower Triassic is several hundred meters thick in most areas, soil erosion can account for only a fraction of this material (probably the few meters around the Permian-Triassic boundary containing soil biomarkers; e.g., Sephton et al., 2005) , and the remainder must represent increased rates of bedrock weathering. The shift toward more clay-rich compositions in most regions (Fig. 3) suggests a relative increase in chemical over physical weathering rates (cf. Sheldon, 2006) . Such a pattern could refl ect intensifi ed weathering due to (1) higher temperatures (Retallack, 1999) , accelerating reaction rates, (2) higher levels of atmospheric CO 2 and SO 2 (Wignall, 2007) , increasing the acidity of precipitation, and (3) increased exposure of fresh bedrock following terrestrial ecosystem destruction and soil erosion. Sedimentation rate changes were closely linked to changes in terrestrial ecosystems, with accelerated erosion following decimation of forests in the latest Permian (Looy et al., 2001 ) and reduced erosion coinciding with regrowth of forests in the late Olenekian (Looy et al., 1999) .
Biotic Consequences of Enhanced Sediment Fluxes
An infl ux of detrital sediment to Early Triassic freshwater and marine ecosystems would have had profound biological consequences (Fig. 4) . At the organismal level, elevated turbidity causes a reduction in feeding activity, osmoregulation, growth rate, body size, larval recruitment, development, and survival (Table DR4) . Suspension feeders suffer because of reduced seston quality and the elevated energy costs involved in the removal of inorganic particles. Grazers suffer if sediment infl ux is great enough to bury and kill off their food source. Most plants are adversely affected by reduced light levels, although some fast-growing organisms (e.g., turf algae) achieve a competitive advantage under such conditions. Even predatory organisms such as fi sh can be affected through physical damage to gills, increased susceptibility to disease, and altered feeding behavior. Patterns of differential survival in the Early Triassic may refl ect varying vulnerability to sediment fl uxes as a function of trophic mode, e.g., lower extinction rates among deposit-feeding holothurians relative to suspension-feeding crinoids (Twitchett and Oji, 2005) . Although the resilience of aquatic organisms to sediment infl ux is clade-and taxon-specifi c, experimental and observational studies have shown that fl ux increases of 5-20× induce biotic stress and increases of 20-100× generally result in mortality (Fig. 4) .
Enhanced chemical weathering during the Early Triassic may have led to other harmful effects related to high inorganic nutrient (N and P) concentrations, e.g., lower rates of skeletal calcifi cation, lower rates of fertilization and larval survival, and decreased resistance to borers and disease among corals (Table DR4) . Elevated nutrient levels can also promote polymer production by particle-attached microorganisms in the water column, leading to fl occulation and rapid particle settling ("marine snow"), a process that smothers benthic organisms (Fabricius and Wolanski, 2000) . Consequent changes in substrate consistency may have favored organisms adapted to soft, unstable substrates (e.g., "paper pectens" such as Claraia) and reduced ecological tiering in Early Triassic marine ecosystems (Fraiser and Bottjer, 2005) .
At the ecosystem level, increased sediment fl uxes commonly result in biodiversity losses and reduced ecosystem resilience (Table DR4 ; Fabricius, 2005, and references therein). Modern marine ecosystems subject to sediment stress develop an unusual community structure characterized by high abundance, low diversity, very small body sizes, and dominance of small, infaunal deposit-feeding polychaetes (Smith and Kukert, 1996) . Most Early Triassic marine ecosystems had a similar community structure and an ichnofauna that was dominated by Planolites, a probable trace of deposit-feeding polychaetes (Twitchett, 1999 (Twitchett, , 2007 . Resilience to high sediment fl uxes depends in part on the duration of exposure, since biotic stress correlates positively with time-integrated exposure (i.e., duration times fl ux) in experimental studies (Philipp and Fabricius, 2003) . The harmful effects of detrital sedimentation on Early Triassic marine ecosystems may have been particularly severe given that sedimentation rates were elevated during much of the >1-m.y.-long Induan Stage and coincided with other debilitating factors such as elevated temperatures, benthic anoxia, and hypercapnia (Knoll et al., 2007) .
CONCLUSIONS
From the Changhsingian (latest Permian) to the Griesbachian (earliest Triassic), sediment fl uxes to marine depositional systems increased by an average of ~700% and became more clay-rich globally. These changes refl ect elevated rates of continental erosion and a relative increase in chemical over physical weathering as a consequence of higher temperatures, increased acidity of precipitation, and changes in landscape stability following the end-Permian devastation of terrestrial ecosystems. High sediment fl uxes were sustained during most of the Early Triassic and may have been an important factor in the delayed recovery of marine ecosystems at that time.
